Telomerase inhibition has been touted as a novel cancer-selective therapeutic goal based on the observation of high telomerase levels in most cancers and the importance of telomere maintenance in long-term cellular growth and survival. Here, the impact of telomere dysfunction on chemotherapeutic responses was assessed in normal and neoplastic cells derived from telomerase RNA null (mTERC ؊/؊ ) mice. Telomere dysfunction, rather than telomerase per se, was found to be the principal determinant governing chemosensitivity specifically to agents that induced doublestranded DNA breaks (DSB). Enhanced chemosensitivity in telomere dysfunctional cells was linked to therapy-induced fragmentation and multichromosomal fusions, whereas telomerase reconstitution restored genomic integrity and chemoresistance. Loss of p53 function muted the cytotoxic effects of DSB-inducing agents in cells with telomere dysfunction. Together, these results point to the combined use of DSB-inducing agents and telomere maintenance inhibition as an effective anticancer therapeutic approach particularly in cells with intact p53-dependent checkpoint responses.
M
ajor obstacles for anticancer chemotherapy are the cytoxicity of anticancer agents to normal cells as well as tumor cells and the occurrence of resistant tumor cells to chemotherapeutic agents. Therefore, new chemotherapeutic strategies, which could reduce cytotoxicity of normal cells and revert chemoresistance of tumor cells, represent important goals for development of selective cancer therapies. From this view, telomerase is a potential target for selective cancer chemotherapy because most human cancers acquire the ability to activate telomerase and possess shorter telomeres as compared to most normal somatic tissues (1, 2) .
The telomerase-deficient mouse is an ideal model system in which to dissect the relative contributions of telomerase activity, telomere function, and tumor suppressors in the response to established chemotherapeutic agents. In the mTERC Ϫ/Ϫ mouse model, telomere length decreases through serial mTERC Ϫ/Ϫ intercrosses that produce successive generations (G 1 -G 6 ) of mTERC Ϫ/Ϫ mice (3, 4) . It is only in late (G 4 -G 6 ) mTERC Ϫ/Ϫ generations that attendant telomere dysfunction (e.g., chromosomal ends with no detectable telomere signals or signal-free ends, aneuploidy, and end-to-end chromosome fusions) leads to widespread proliferative and apoptotic defects (4) . Thus, in this model, it is possible to compare the behavior of cells possessing long telomeres and telomerase activity (mTERC ϩ/ϩ ), long telomeres and no telomerase activity (G 1 -G 2 mTERC Ϫ/Ϫ ), and short dysfunctional telomeres and no telomerase activity (G 4 -G 6 mTERC Ϫ/Ϫ ). The INK4a gene produces two distinct gene products, p16 INK4a and p19 ARF , which are modulators of the pRB and p53 pathways, respectively (5) . p16 INK4a expression induces a G 1 arrest by inhibiting cyclin-dependent kinases 4 and 6, thus preventing pRB hyperphosphorylation and S phase entry (6) . p19 ARF interacts with MDM2 and abrogates MDM2-mediated degradation of p53 through the ubiquitin͞proteosome pathway (7-10). Although p19 ARF has been shown to mediate p53-dependent apoptosis induced by oncogenic stimuli (11) (12) (13) (14) and Rb deficiency (7, 15) , it is not required for activation of p53 checkpoint function in response to DNA damage (10, 16) .
p53 is a key molecular component of the DNA damage response and is a major determinant of the cellular response to chemotherapy and telomere dysfunction (16) (17) (18) (19) and plays an important role in mediating the adverse cellular and organismal consequences of telomere dysfunction in normal cells (17, 20) . Telomerase activation is perhaps the most common correlate of human cancer and most cancers exhibit loss of p53 or INK4a (1, (21) (22) (23) . The present study examined the impact of telomere dysfunction on the chemotherapeutic response of transformed cells deficient for p53 or INK4a loci.
Materials and Methods

Generation of Transformed mTERC ؊/؊ Mouse Embryo Fibroblasts (MEFs).
Mice carrying homozygous deletions of the mouse telomerase RNA gene (mTERC), and the INK4a locus or p53 were bred through five or six generations, yielding mice with progressively shorter telomeres with each successive generation, respectively (16) (17) (18) 20 
embryos) at day 13.5. The MEFs were transformed by calciumphosphate cotransfection with Myc͞H-RAS G12V plus either mTERC (24) or an empty Bluescript KS(ϩ) (Stratagene) vector as described (18, 20) . Single clones were picked and expanded at days 9-13 posttransfection. Telomerase activity of the individual clones was confirmed by the telomeric repeat protocol assay (1) . Transformed MEFs were grown in DMEM containing 10% FCS supplemented with penicillin and streptomycin.
Determination of Cell Viability and IC50 Value. Transformed clones were plated at a density of 1.0 ϫ 10 5 cells per well of 6-well plates, grown for 2 days, and treated with the indicated concentrations of doxorubicin, cisplatin, etoposide, and 5-fluorouracil (5-FU). Cell viability was determined by quantitation of the fluorecinlabeled annexin uptake by adherent and floating cell populations (Boehringer Manheim 1828 681) in at least 10,000 cells. For the determination of IC 50 value, cells were plated in 96-well plates at a density of 7,000 cells per well. The cell viability was monitored 3 days after exposure to doxorubicin, daunorubicin, or actinomycin D by quantification of the conversion of tetraAbbreviations: DSB, double-stranded DNA breaks; MEF, mouse embryo fibroblast; 5-FU, 5-fluorouracil; PD, population doubling. **To whom reprint requests should be addressed. E-mail: rondepinho@dfci.harvard.edu.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Telomere length of individual clones was determined at indicated passage numbers by using f low cytometryfluorescence in situ hybridization analysis as described (27) . In brief, one million cells were hybridized to a telomere-specific FITC-conjugated (CCCTAA) 3 probe (PerSeptive Biosystems).
The mean values of flouorescence signals were calculated only for cells in the G 1 fraction as determined by DNA content by flow cytometry.
Results
To assess the effects of telomerase deficiency and telomere dysfunction in modulating responses to chemotherapeutics, initial efforts have focused on INK4a-null cells in which a robust DNA damage response remains operative (16) . Because telomerase inhibitors are likely to be administered in conjunction with existing chemotherapeutic drugs, we first examined the response of Myc͞RAS-transformed G 5 mTERC
MEFs to a collection of the most commonly used chemotherapeutics in the cancer clinic (19) . Mechanistically distinct classes of drugs were selected for analyses, including those acting primarily through intercalation and DSB (doxorubicin), covalent DNA adduct formation (cisplatin), topoisomerase II inhibition (etoposide), and antimetabolite effects (5-FU). Furthermore, to delineate the roles of telomerase and telomere dysfunction in mediating the responses to these chemotherapeutics, the transformed cell lines were generated with cotransfection of either the mTERC gene [designated mTERC-rescued or (ϩmTERC)] or empty vector (designated as ϩvector). We have shown previously that mTERC transfection leads to reconstitution of telomerase activity and restoration of telomere function (i.e., elimination of signal-free ends and dicentric chromosomes) in late-generation mTERC Ϫ/Ϫ -transformed cells (18, 20) .
In the first series of experiments, pools of clonally transformed telomere dysfunctional or mTERC-rescued cultures were exposed to doxorubicin, cisplatin, etoposide, and 5-FU for 24 and 48 h. Significant chemosensitivity was observed only in the telomere dysfunctional population compared to mTERCrescued counterpart upon exposure to 1 M doxorubicin (Fig.  1A) . Specifically, the pooled transformed cell population with telomere dysfunction demonstrated enhanced chemosensitivity to doxorubicin (viability of 40%, open bars) as compared to the mTERC-reconstituted controls (viability of 75%, closed bars; P Ͻ 0.001). In comparison, reconstitution of mTERC function had little impact on viability of pooled Myc͞RAS-transformed cell lines derived from either G 1 mTERC
controls upon exposure to the same treatment protocol (Fig. 1 A) . Similarly, functional status of the telomeres did not impact on chemosensitivity of G 5 mTERC controls, indicates that telomere dysfunction, rather than telomerase deficiency per se, is the major parameter governing sensitivity to doxorubicin.
Taking advantage of the inherent heterogeneity in telomere length (hence telomere functional status) among independently derived clones from parental MEF cultures, we further correlated the degree of doxorubicin chemosensitivity with the severity of telomere dysfunction by measuring the cytotoxic response for each Myc͞RAS-transformed G 5 mTERC
clonal cell line (n ϭ 14). As with the pooled population studies above, percentage viability was determined after 48 h of continuous exposure to 1 M doxorubicin. Although baseline viability of all independently derived clones in normal The degree of pretreatment telomere dysfunction, as measured by number of Robertsonian end-to-end fusions, correlates with chemosensitivity to doxorubicin, as determined by viability at 48 h after exposure to 1 M doxorubicin. Fifteen metaphases per clone were analyzed and mean numbers of chromosomal end-to-end fusion were plotted against percentage viability. SDs were calculated from fusion counts of 15 metaphases from each clone. media without doxorubicin was comparable, the level of doxorubicin sensitivity was highly variable among these transformed G 5 mTERC (Fig. 1B) . In sharp contrast, clonal-transformed cells with functional telomeres exhibited a more uniform level of sensitivity that reflected their enhanced viability upon exposure to doxorubicin (data not shown). To provide a molecular basis for the broad range of chemosensitivity observed among the G 5 mTERC Fig. 2B , the degree of telomere dysfunction was determined in the pretreatment cultures by quantifying the frequency of end-to-end fusions and signal-free ends, both steadfast correlates of telomere dysfunction in mouse cells wild type for p53 (3, 4, 18) . As shown in Fig. 1C , the baseline degree of telomere dysfunction proved to be a strong predictor of the chemosensitivity to doxorubicin in these transformed cells (P ϭ 0.0003). For example, the highly doxorubicin-sensitive clones 1 and 2 (blue bars in Fig. 1B ) were found to be highly fusigenic, harboring a total of 42 and 56 fusions in 15 metaphases, respectively (mean of 2.8 and 3.8 fusions per metaphase, see blue circles in Fig. 1C ). In comparison, the relatively resistant clones 4, 9, 11, and 14 (red bars in Fig. 1B ) possessed only 8, 5, 21, and 20 fusions in 15 metaphases, respectively (means of 0.5, 0.33, 1.46, and 1.34 fusions per metaphase, see red circles in Fig. 1C) . These results reinforce the view that the link between telomerase deficiency and doxorubicin sensitivity relates largely to the degree of telomere dysfunction.
Next, we sought to better characterize this specific chemosensitivity to doxorubicin in telomere dysfunctional cells. To this end, we measured the dose responses of two telomere dysfunctional clones 1 and 2 (see Fig. 1B ) to varying concentration of doxurubicin, cisplatin etoposide, and 5-FU and compared them to that of two mTERC-reconstituted controls (Fig. 2 A) . Consistent with data obtained from pooled population studies in Fig.  1 , continuous exposure (24 h) to doxorubicin alone was found to exert a profound cytotoxic effect against the transformed cell lines possessing short dysfunctional telomeres (Fig. 2 A, E) . Interestingly, increased death of Myc͞RAS-transformed G 5 mTERC
cells in response to cisplatin was seen only after prolonged continuous exposure (10 days, data not shown), in line with the delayed accumulation of DSBs by formation of platinum-DNA adducts induced by cisplatin (19) . This sensitivity to doxorubicin was markedly attenuated in mTERC-rescued cell lines (Fig. 2 A, F) . Detailed cytogenetic analyses confirmed restoration of telomere function in the mTERC-rescued cell lines as manifested by normalization of cytogenetics and presence of telomere signal at all termini (data not shown and see ref.
18), whereas the cell lines without mTERC reconstitution (E) lacked telomerase activity and exhibited significant telomere dysfunction (see below).
The enhanced sensitivity to doxorubicin and the lack of significant cytotoxic differences with other classes of chemotherapeutic agents implied cytotoxic synergy between telomere dysfunction and agents possessing efficient DSB activity. Although etoposide possess DSB activity via its ability to inhibit topoisomerase II (28), it is well-known that topoisomerase II inhibitors have different clinical potencies and activity spectra. Specifically, at the therapeutic dosages used in these studies (which is comparable to 1 g͞ml or 1.7 M achievable in patient sera clinically) (28), etoposide is known to induce 3-20 times more efficiently topoisomerase II-mediated single-stranded breaks, than topoisomerase II-mediated double-stranded breaks (28, 29) . On the other hand, doxorubicin (30) (31) (32) (33) , daunorubicin (30, 31) , and actinomycin D (32, 33) produce almost exclusively double-stranded breaks. To substantiate this interaction, we demonstrated that these mechanistically related compounds indeed produced similarly potent cytotoxic effects in the setting of telomere dysfunction (Fig. 2B) . Notably, mTERC-rescued counterparts exhibited a Ͼ10-fold increase in IC 50 values for each compound, a finding of clinical significance in light of the extremely narrow therapeutic indices of these agents in humans. Together, these results demonstrated specific and potent cytotoxic synergy between telomere dysfunction and doxorubicin or related DSB-inducing compounds.
The basis for the cytotoxic synergy between telomere dysfunction and doxorubicin was examined by conducting cytogenetic analyses on doxorubicin-treated transformed G 5 mTERC clones incurred severe chromosomal fragmentation (data not shown) as well as widespread multichromosomal fusions engaging both p and q arm termini ( Fig. 3 A and B) . Although doxorubicin-mediated increase in p arm fusions and DSBs were observed, transformed mTERC-rescued G 5 mTERCϩ INK4a , and their mTERC-rescued counterparts) exhibited a low number of multichromosomal fusions (Fig. 3 A and B; data not shown for mTERC ϩ/ϩ and G 1 mTERC
Ϫ/Ϫ
). Specifically, G 5 mTERC
clones exhibited an average of 5.13 multichromosomal fusions per metaphase compared to 0.27 multichromosomal fusions per metaphase in the mTERC-rescued counterparts (P Ͻ 0.001). Moreover, we have observed that, in treated cultures carried for 1-mo duration, there were no multichromosomal fusions in any of the surviving cells irrespective of telomerase status. These observations suggest that although cells may survive with p arm fusions, multichromosomal fusions lead to cell death. Thus, the cytogenetic finding of multichromosomal fusions correlates with chemosensitivity to doxorubicin in this system. In contrast, prolonged 5-FU treatment in these cultures generated negligible level of multichromosomal fusions regardless of telomerase or telomere status (data not shown), correlating to the lack of specific sensitivity to this chemotherapeutic agent. Together, the observation of multichromosomal fusions may be a reflection of both availability and accessibility of telomere-free ends in the presence of doxorubicin-generated DSBs.
Next, we performed serial doxorubicin cytotoxicity determinations over time for G 5 mTERC
-transformed cell lines with and without mTERC reconstitution. mTERC-rescued clones maintained viability throughout the 48-h exposure, whereas vector-transduced clones exhibited a marked and rapid decline (Fig. 4A , compare open symbols to closed symbols; clones 1, 2, and 3 correspond to clones in Fig. 1B) . One vector-transduced cell line (clone 3) exhibited an unusual profile of delayed onset of cytotoxicity at 24 h and eventually displayed a level of cytotoxicity comparable to clones 1 and 2. Molecular characterization revealed that unlike the other five clones depicted in Fig. 4A , clone 3 harbored high basal level of p53 protein. Upon treatment with doxorubicin, all except clone 3 exhibited stabilization of p53 protein as well as induction of its transcriptional target p21. Thus, clone 3 with the unusual cytotoxicity profile has sustained somatic inactivation of p53.
The altered cytotoxicity profile of clone 3 and the known role of p53 in governing the response to a broad spectrum of chemotherapeutics (34-37) prompted a more direct assessment of how p53 status impacts on the doxorubicin response of telomere dysfunctional cells. To this end, we generated 10 Myc͞RAS-transformed (Fig. 4 A and B) . Moreover, mTERC reconstitution did not alter the viability of pooled transformed G 6 mTERC The capacity of p53 deficiency to mute the cytotoxic response in the setting of telomere dysfunction prompted us to ask whether additional telomere shortening, brought about by extensive passage in culture, would further sensitize transformed clones were passaged in culture for up to 120 population doublings and monitored for telomere dysfunction, telomere length, and chemosensitivity (Fig. 5) . These passaged G 6 mTERC
clones did not exhibit an increased chemosensitivity as a function of passage, despite increasing severity of telomere dysfunction in some clones (Fig. 5 A and B) . Moreover, flow cytometry fluorescence in situ hybridization telomere length determinations of early vs. late passaged clones revealed similar or increased telomere signals in 7 of 10 cell lines tested (Fig. 5C) , raising the possibility of telomerase-independent mechanism for telomere length maintenance that may contribute to chemoresistance in these p53 mutant cells. Such telomerase-independent mechanism, so-called ALT, have been documented in mammalian cells (38, 39) .
Discussion
The observation that most cancers express high levels of telomerase (1) and telomere maintenance is required for long-term cellular growth and survival (4, 20, 40, 41) supports the basis of a telomerase inhibitor as a novel cancer-selective therapeutic. This report uncovers a link between telomere dysfunction and chemosensitivity specifically toward agents that induce DSBs. The enhanced chemotoxicity was observed in Myc͞RAS-transformed MEFs derived from G 5 mTERC
cells reconstituted with mTERC exposed to doxorubicin and other related compounds. Furthermore, within MEF cultures of transformed G 5 mTERC
cells, there were subclones containing critically shortened and dysfunctional telomeres that were highly sensitive and others that were resistant or less sensitive possessing less dysfunctional telomeres. This variation among individual clones established a strong positive correlation between telomere dysfunction and chemosensitivity and further pointed to telomere dysfunction, rather than telomerase activity status, as the principle determinant of chemosensitivity to DSB agents.
Notably, chemosensitivity of transformed G 5 TERC
cells was muted in cells deficient for p53 (Fig. 4A ). Recent publications (17, 20) have identified p53 as a crucial downstream mediator in response to dysfunctional telomeres. The present results together with the previous findings raise the possibility that loss of p53 function might facilitate the activation of resistance mechanisms designed to cope with DSBs in the setting of telomere dysfunction. Such mechanism could include an increase in homologous recombination and͞or nonhomologous end-joining activity, activation of recombination-mediated telomere maintenance (i.e., the ALT mechanism), among others. At present, the mechanistic basis for how p53 deficiency mutes the cytotoxic response in telomere dysfunctional cells remains to be determined. Because flow-fluorescence in situ hybridization telomere length determinations reveal unchanged or increased telomere signal in 7 of 10 cell lines tested (Fig. 5C ), one possibility is that p53 deficiency might play a permissive role in the activation of a telomerase-independent telomere maintenance mechanism, a process that may be facilitated by the known higher levels of homologous recombination activity in ALT cells (42) and cells lacking p53 (43, 44) . Along these lines, it is notable that human ALT tumor cell lines are often p53 defective (38, 39) . Further studies will be necessary to determine the relative contributions of loss of p53 checkpoints vs. a lower threshold for activation of ALT in p53-null telomere dysfunctional cells.
An important consideration of a combined antitelomerase and chemotherapy regime will be the impact on normal cells. Previously, our reports have demonstrated that telomere shortening in mTERC Ϫ/Ϫ mice decreases the capacity to cope with various stresses such as wound healing and blood cell depletion, especially in aged animals (45) . Thus, a potential elevation of hematotoxic side effects of chemotherapeutics when combined with telomere inhibitors should be a prominent consideration as clinical trials move forward. The additional risk of developing secondary malignancies in response to telomere shortening and genetic instability as seen in aged mTERC Ϫ/Ϫ mice (45) also has to be considered, particularly in the setting of p53 mutant tumors. That p53 deficiency may also attenuate the therapeutic impact of a doxorubicin͞antitelomerase regimen via the activa- tion of adaptive mechanisms presage the need to identify and neutralize such mechanisms to maximize the clinical impact of this novel regimen. By the same token, activation of any telomerase-independent mechanism for telomere maintenance in the setting of antitelomerase therapy would diminish the synergy of such a treatment regimen. Against this backdrop, although a critical and careful evaluation of telomere inhibitors in cancer therapies is certainly required, our present data indicate that the inhibition of telomere maintenance will act to chemosensitize cancers to doxorubicin and related compounds and, thus, encourage the development and evaluation of this therapeutic combined option.
